Abstract: Current design practice of concrete-filled steel tube (CFST) columns uses different formulas for different section profiles to predict the axial load bearing capacity. It has always been a challenge and practically important issue for researchers and design engineers who want to find a unified formula that can be used in the design of the columns with various sections, including solid, hollow, circular and polygonal sections. This has been driven by modern design requirements for continuous optimization of structures in terms of not only the use of materials, but also the topology of structural components. This paper extends the authors' previous work [1] on a unified formulation of the axial load bearing capacity for circular hollow and solid CFST columns to, now, including hollow and solid CFST columns with regular polygonal sections. This is done by taking a circular section as a special case of a polygonal one. Finally, a unified formula is proposed for calculating the axial load bearing capacity of solid and hollow CFST columns with either circular or polygonal sections. In addition, laboratory tests on hollow circular and square CFST long columns are reported. These results are useful addition to the very limited open literature on testing these columns, and are also as a part of the validation process of the proposed analytical formulas.
Notations

Introduction
A concrete-filled steel tube (CFST) column is formed by filling a steel tube with concrete. According to the form of the cross-section, CFST columns can be divided into different groups, such as circular, square and octagon CFST columns, etc. The cross sections of these columns can be either solid or hollow. A solid concrete-filled steel tube (S-CFST) column is formed by pouring wet concrete into the entire space enclosed by the steel tube, and a hollow concrete-filled steel tube (H-CFST) one is formed by pouring concrete into a steel tube using the centrifugal method. Axial load bearing capacity of a CFST column is an important and fundamental design parameter in construction engineering. Extensive research on solid CFST columns has been conducted either experimentally or analytically. Comprehensive research monographs have been published by Zhong [2] , Han [3] , Zhao [4] , Zha [5] and Chiaki [6] . There are also many published research papers on experimental studies of solid circular [7] [8] [9] , elliptical [10] , octagonal [11] [12] [13] and square CFST [14] [15] [16] [17] [18] columns. Numerical simulations also played an important role in studying the behavior of solid CFST columns under axial compression [19] [20] [21] [22] and eccentric loading [23] [24] .
Practical design formulas were proposed and adopted in, for example, CECS 254:2009 [25] for hollow, Eurocode 4 [26] for solid and Han [3] for circular and square solid CFST columns.
From the above, it can be concluded that most of the research in the last few decades focused only on solid CFST columns. Different design formulas and procedures were recommended for columns with different section profiles. This is not ideal for modern structural design where structural, material, architectural, aesthetic and environmental parameters are all designed in a continuous manner to achieve the best possible design. The modern procedure requires a continuous change of all design parameters, including section *Correspondence author e-mail addresses: Zhaxx@hit.edu.cn, j.ye2@lancaster.ac.uk profiles of the CFST columns. It is obvious that a unified formulation for the calculation of axial load bearing capacity of CFST columns with various section profiles will benefit both analytically and computationally the overall design process. Fortunately, obtaining a unified design solution for all the sections shown in Fig. 1 is possible since (a) materially, the difference between a solid and a hollow section is the hollow ratio and a solid section can be viewed as a special hollow section with a hollow ratio of zero; and (b) geometrically, the difference between a circular and a regular polygonal section is the number of sides and a circular section can be viewed as a special polygonal section with an infinite number of sides.
On the basis of the aforementioned special cases, this paper attempts to extend the axial load bearing capacity formula of a circular CFST column to the columns with polygonal sections, and a unified formula is finally obtained for both hollow and solid circular and polygonal sections.
Unified formulation of the strength for circle and polygon CFST columns
Simplification of the unified formula for circular sections
A unified formula for both solid and hollow sections was proposed in reference [1] to predict the strength of a CFST column through decomposition of the elastic deformation of a circular concrete filled steel tube into a uniaxial compression and a plane strain problem. Displacement compatibility and the solution of thick-walled cylinder were then introduced to derive the strength formula that is applicable for both solid and hollow circular sections. The formula was validated by experimental results, and is shown below [1] : ( )
where, c η is the enhanced confining coefficient for circular section; β is the ratio of steel area; Ω is the 
In engineering practice, the most commonly used steel varies from Q235 to Q420, and the concrete grade 
where, α is the steel ratio .
Extension of the strength formula to polygon sections
For a CFST column with a polygonal cross section, the common practice in design is to find the solution of a column with an equivalent circular section. The solution is then modified by a correction factor. The correction factor is usually considered in the confining coefficient [25] . Research also showed that the confinement of a square steel tube on the concrete can be divided into an effective enhanced zone and non-enhanced zone [27] , separated by boundaries of parabolic shape. Similarly, assuming that the same principle applies to a regular polygonal section and, with the increase of the number of sides, the effective enhanced zone approaches that of a circular section.
Based on the effective area method, Mander [28] proposed a constitutive model for concrete reinforced with stirrups by using an equivalent model of uniform constraint. Following this approach, the non-uniform confinement pressure on the concrete from a polygonal steel tube can be equivalent to a uniform confinement pressure from a circular steel tube, i.e.:
where, P′ is the effective confining pressure; P is the confining pressure from a circular steel tube, and is uniformly distributed; e k is the confinement effectiveness coefficient.
Eq.(2-8) is valid for columns with solid sections. For a column with a hollow section, a similar approach is followed to calculate the effective confining pressure. This approach has two steps as shown in Figure By following these steps, the non-uniform confining pressure of a hollow polygonal section can be equivalent to a uniform confining pressure on an equivalent circular solid section, i.e.:
where, P′′ --effective confining pressure; P --confining pressure from the steel tube;
Eq.(2-8) proposes an equivalent system that requires introduction of an effectiveness coefficient that accounts for the effect of the hollow and polygonal section profile on the confining pressure. Similar to the solution proposed in [1] for circular sections, a formula for a polygonal section can be obtained in the following form:
The overall confining coefficient is now the confining coefficient of the solid section, From Eq.(2-6) and Eq.(2-11), the confinement effectiveness coefficient, h k , ,of a hollow section can be
Step 1 Step 2 It can be seen from the above that it is essential to define the boundary between the effective enhanced and the non-enhanced zones as shown in Figure 2 -3. Mander [28] assumed that the boundary between the two zones is a parabola, with an angle of 45 degrees at the intersection of the tangent of the boundary and the side of the polygon, as shown in Figure 2 
Verification of the unified strength formula for CFST columns under uniaxial compression
To verify the unified strength formula, the circular CFST columns investigated in Tables 1 and 2 of [1] were studied here first using Eq. (2-18) . The predicted axial load bearing capacity was compared with the experimental results. The comparisons, which are not presented here, showed that the average ratios of After this successful validation for circular CFST columns, the unified strength formula was used to predict the axial load bearing capacity of octagonal and square CFST short columns under uniaxial compression. New experimental tests on short columns were also carried out for validations. The comparisons are presented in Table 2-1 and Table 2 
Unified formulation of stability bearing capacity for circle and polygonal long CFST columns
Modified formula of stability factor of circle section
The above approach for developing the unified strength formula also applies to the formulation of stability factor of long CFST columns. By considering a concrete-filled steel tube column as a column made of a composite material, the stability factor has been obtained from Perry-Robertson formula in reference [1] . The fundamental assumption is that the equivalent initial imperfection coefficient is directly proportional to the steel ratio β , and the stability factor of a circular section [1] is, ( ) 
Extension of the stability factor to polygon sections
By following the same procedure described in Section 3.1 for circular sections, The value of the imperfection coefficient for a polygonal section can be calculated by further assuming that the number of sides affects also the initial imperfection coefficient K . Thus, on the basis of Eq. (3-2) , the following formula is proposed:
0.25 0.09 0.25 0.09
where, e k is the confinement effectiveness coefficient.
When n approaches infinity (circular CFST), the formula is reduced to the stability factor of a circular CFST column. When 0 Ω = (steel tube only),
, which is the value recommended by GB50017-2003.
From the above analysis, the unified formulation for predicting axial load bearing capacity of long circular and polygonal CFST columns are as follow: K --initial imperfection coefficient, using Eq.(3-3).
Verification of the stability load bearing capacity formula for uniaxial compression
For circular CFST columns, this was done by recalculating the load bearing capacity of the long columns tested in Table 3 of reference [1] using Eq.(3-4) and comparing the predicted results with the test ones. It was found that the average ratio of c test N N was 0.912, and the variance was 0.008. The comparison shows that the simplified formula is still sufficiently accurate. In order to validate the application of the unified formula for polygonal CFST columns, available experimental results from Zhong [2] , Cao, et al [13] and Guo, et al [18] were compared with the predictions from Eq.(3-4) in Figure 3 -1. Since available tests results on long columns are very limited, the finite element (FE) results of octagonal CFST columns due to She [29] were also used in the validation shown in Fig.3-1 The test set-up is shown in Figure 3 -2. Three LVDTs were used to measure the transverse deflection of the columns, of which one was for measuring the displacement at the mid span while the remaining two were mounted at a distance of L/3 from the two ends, respectively. Additionally, eight strain gauge rosettes, four on one side and the other four on the opposite side, were placed symmetrically at a vertical distance of L/2 from the top to measure the strains in the steel at these locations. The top and bottom ends of the column were connected to the supports allowing only the rotational displacements of the ends. The axial load was applied through a loading cell that has a maximum load capacity of 500ton.
Experimental results and discussion
Before the columns were tested, six concrete cubes of (100mmx100mmx100mm) were tested to measure their compressive strength. It was found that average 100mm cube compressive strength was 56.14Mpa, which was converted to a standard 150mm cube compressive strength (fcu) of 53.3MPa. The standard compressive strength (fck) is 34.4Mpa, therefore, according to the Chinese Standard GB50010-2010. To determine the steel material properties, three tension coupons were cut from the square and circle steel tubes and tested. From these tests, the average yield strength (fy) of the circular tubes was 291.5 MPa, and the average yield strength (fy) of the square tubes was 322.8 Mpa.
The load -mid span deflection curves recorded from the tests are shown in Figure 3 -3, and the deformation and failure modes of the hollow CFST columns are shown in Figure 3 Detailed information and failure modes of the tested columns and the comparisons between the predicted and tested axial load capacity are presented in Table 3 .1. Two major types of failure modes were observed in the tests: one is global buckling as shown in Figure 3 -4a-b, and the other is end crushing shown in Figure   3 -4c-d. For the circular hollow CFST columns, C1-S-1, C1-S-2 and C2-S-1, the dominating failure mode was global buckling and for C2-S-1, C3-S-1 and C3-S-2, the failure was caused by end crushing. For the square hollow CFST columns, S1-S-1, S1-S-2, S2-S-1 and S2-S-2 failed due to global buckling, while for S3-S-1 and S3-S-2, crushing occurred at the ends of the columns.
During the tests, it was observed that the radius of hollow had significant effect on the failure modes. In general, when the thickness of concrete is small, the column end tends to crush suddenly. For the columns failed from global buckling, it can be seen from Figure 3 -3 that the circular hollow CFST columns show more ductility in comparison with the square ones. From Table 3 .1, it is noticed that as the hollow ratio increases, the failure modes tend to change from global bucking to end crashing for both circular and square columns. Thus, special consideration should be taken in designing the hollow sections, since any brittle failure, such as the end crash of the columns, must be avoided. Additional reinforcement or strengthening at the end may be considered in design. It has to be mentioned that the unified formulas proposed in this paper considered only the strength of short columns and global buckling of long columns. Predictions to the failure due to the observed end crush were not included. This is demonstrated by the good agreement between the tested and the predicted axial load bearing capacity of the columns failed due to global buckling. However, the comparisons show also good agreement for most of the columns failed due to end crash. This may be because the crashed ends created additions joints near the two ends, which perhaps only weakened slightly the pined end supports and this did not affect the overall axial load bearing capacity significantly. In Table 3 -1, the average ratio of c test N N is 1.050 and the variance is 0.018 for the circular hollow columns, and these are respectively 0.995 and 0.003 for the square hollow ones.
Summary of the unified formation for circle and polygon CFST column under axial load
Since a rather large number of equations or formulas have been presented in the previous sections, and not all of them are required in a typical design calculation, this section summarizes the most important formulas and the key steps that should be followed in the calculation of axial load bearing capacity of solid, hollow, circle and polygonal concrete-filled steel tube columns under axial compression:
Step 1: Calculate strength capacity of a CFST section by: Step 3: Calculate the stability load bearing capacity by *Correspondence author e-mail addresses: Zhaxx@hit.edu.cn, j.ye2@lancaster.ac.uk 
Concluding remarks
A unified formulation for predicting load bearing capacity of both circular and polygonal CFST columns has been proposed in the paper. This was based on the simplified form of the strength formula for circular CFST columns proposed in the authors' previous study [1] and the extension of the formulas to columns with polygonal sections.
A modified formula of the stability factor for circular CFST column was also proposed. The linear interpolation technique was used to estimate the stability coefficient for columns with different hollow ratios. The factor was then introduced into the unified formula to calculate the stability load bearing capacity of both circular and polygonal CFST columns.
The proposed unified formulas were validated through comparisons with available test results and the new test results of circular and square hollow CFST long columns under axial load reported also in this paper.
The comparisons showed satisfactory agreement and suggested that the simplified unified formulas had potential to be used in practical design.
Future work is needed to extend the load bearing capacity formulas of CFST columns to include the effect of temperature elevation.
